Polypyrrole (PPy) with photonic crystal structures were synthesized from Morpho butterfly wings using a two-step templating process. In the first step photonic crystal SiO2 butterfly wings were synthesized from Morpho butterfly wings and in the second step the SiO2 butterfly wings were used as templates for the replication of PPy butterfly wings using an in situ polymerization method. The SiO2 templates were then removed from the PPy butterfly wings using a HF solution. The hierarchical structures down to the nanometer level, especially the photonic crystal structures, were retained in the final PPy replicas, as evidenced directly by field-emission scanning electron microscope (FE-SEM) and transmission electron microscopy (TEM). The optical properties of the resultant PPy replicas were investigated using reflectance spectroscopy and the PPy replicas exhibit brilliant color due to Bragg diffraction through its ordered periodic structures. The preliminary biosensing application was investigated and it was found that the PPy replicas showed a much higher biological activity compared with PPy powders through their response to dopamine (DA), probably due to the hierarchical structures as well as controlled porosity inherited from Morpho butterfly wings. It is expected that our strategy will open up new avenues for the synthesis of functional polymers with photonic crystal structures, which may form applications as biosensors. Abstract: Photonic crystal polypyrrole (PPy) butterfly wings were synthesized from Morpho butterfly wings by using a two-step templating process. In the first step photonic crystal SiO 2 butterfly wings were synthesized from Morpho butterfly wings and in the second step the obtained SiO 2 replicas were used as templates for the duplication of PPy butterfly wings by using an in situ polymerization method. The SiO 2 templates were then removed from the PPy butterfly wings using a HF solution. The precise structures of the replicas were characterized by using field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM). Molecular structure and the composition of the PPy replicas were further characterized by Fourier infrared spectroscopy (FT-IR) and energy-dispersive X-ray spectroscopy (EDS), respectively. It was confirmed that the photonic crystal PPy replicas were made of pure PPy. The optical properties of 2 the resultant PPy replicas were investigated by using reflectance spectroscopy and the PPy replicas exhibit brilliant color due to Bragg diffraction through its ordered periodic structures. The primary response of the replicas to dopamine (DA) as a biosensor was investigated and it was found that the PPy replicas showed a much higher biological activity compared with PPy powders, probably due to the hierarchical structures as well as controlled porosity inherited from Morpho butterfly wings. It is expected that our strategy will open up new avenues for the synthesis of functional polymers with photonic crystal structures, which can form the basis of promising applications as biosensors.
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Introduction
Photonic crystals (PC) have been extensively studied because of their potential applications in optical communication, smart windows, memory devices, and biosensors. Templatings from the sedimentation of monodispersed silica or polystyrene spheres, have been used to fabricate photonic crystals with opal or inverse-opal structure, including semiconductors [1, 2] , metals [3] , polymers [4, 5] and hydrogels [6] . However, the synthesis of the ordered periodic dielectric structures relies on the assembling of colloidal crystals through the vertical deposition-evaporation method, which is not easy to control. In fact, nature provides abundant variety of structures at micro and nanometric scale with functional properties and is sources of great inspiration for numerous functional materials.
For example, a specific structure of lotus leaves can give them super-hydrophobicity or self-cleaning properties [7] . Photonic crystal structures of Morpho butterfly wings have led to diversity of colors and patterns [8] . The biological organizations produced by self-assembly of highly ordered functional units provide us numerous opportunities in producing a wide range of photonic structural materials. Several nanostructural fabrication techniques have been developed to replicate natural photonic structures. They include electron beam lithography, focused ion-beam chemical vapor deposition [9] , chemical vapor deposition [10] , atomic layer deposition [11] , the conformal-evaporated-film-by-rotation technique and soaking method [12] . In 2008, we successfully developed a new technology of using ultrasonic waves to replicate natural hierarchical structures in manganese oxide [13] . We extended this general facile technique to the synthesis of photonic structures in TiO 2 , SnO 2 and SiO 2 [14] .
However, attempts to prepare polymer photonic or hierarchical replicas using these approaches had often failed. Generally the formation of pores and tiny structural details in polymers is not probable thermodynamically. Even when they are formed, the pores tend to be closed or fractured by plastic deformation of the walls. Another general hindrance for the nanostructuration of polymers is depletion, i.e. the entropic restriction of conformations in the nanoconfinement of particles and thin walls. Therefore, to obtain an organic material with interconnected meso-or microporous structures normally requires a stiff or highly cross-linked polymer system [15] [16] [17] .
Caruso et al. have successfully developed polypyrrole (PPy) inverse opals for biosensing [4, 18] and fluorescence control [19] . However, the exact replication of PPy with hierarchical and photonic crystal structures from biological species is still a tough task, since biological structures are tremendously complex and consist of 3D interconnected macro, meso and nanoporous. In 2008,
Saison et al reported the replication of butterfly wings with poly(dimethylsiloxane) (PDMS), unfortunately, only the surface structures was replicated by this casting process [20] . The general restrictions of this approach still hold and mutual compatibility of the template with both the monomer and the polymer phase is one of the many problems need to be addressed.
Inspired by our previous work on the precise replication of SiO 2 photonic structures from butterfly wings, herein, we present a two-step template-directed approach for the fabrication of PPy with predetermined photonic and hierarchical structures of Morpho butterfly wings. As a conducting polymer, PPy has been widely explored for a comprehensive range of applications in biosensors [21, 22] , gas sensors [23] , microactuators [24] , electrochemical supercapacitor [25] for its good environmental stability, facile synthesis, and higher conductivity. In particular, PPy has gained a distinguished popularity in biosensor applications because of its good biocompatibility, high sensitivity and fast response [26] . It is conceivable that electrical activity of PPy combined with obvious advantages of photonic crystals [27, 28] in sensitive biomolecular detection, will greatly improve its biosensor characteristics.
Experimental

Synthesis of biomorphic PPy
The Morpho butterfly wings we chose as biotemplates were supplied by Shanghai Natural
Wild-Insect Kingdom Co., Ltd. Analytic grade reagents HCl, NaOH, FeCl 3 , HF, alcohol, tetraethyl orthosilicate (TEOS), pyrrole were purchased from Shanghai Chemical Company. Pyrrole was distilled under reduced pressure and stored at low temperatures. The detailed processing is described as below: firstly, the wings pretreated with 6% HCl and 10% NaOH were carefully dipped into the ethanol/water/TEOS/HCl solution with the molar ratio of 3:12:1:0.03 and ultra-sonicated at room temperature for a period of 3 h using a high-intensity ultrasonic probe (Ti horn, 20 kHz, 200 W/cm 2 ). After the ultrasonic processing, the butterfly wings were taken out and washed three times with alcohol and dried in air. Calcination was performed at 450℃for 3 h, then the chitin substrates were removed by reaction with air, leaving SiO 2 in the form of ceramic butterfly wings. Secondly, the SiO 2 replicas were placed on a microslide and dipped into 1-2 mL of pyrrole, and then in 0.1 mL of 0.21 M FeCl 3 . Capillary forces drew the liquid monomer into the void spaces between the silica particles. Further polymerization was carried out at 65℃ for 3 h. Finally, the microslide was soaked in a 4% HF solution for 24 h to remove the SiO 2 . The resultant replicas thus prepared are denoted as PPy replica. For comparison, PPy powders without biological structures were synthesized in the same way, but without using SiO 2 replicas as templates.
Characterization
The morphologies and microstructures of the resultant replicas were characterized using a JEOL JSM-6360LV field-emission scanning electron microscope (FE-SEM) equipped with a JED2300
energy-dispersive X-ray spectrometer (EDS) system. Transmission electron microscopy (TEM) was conducted on a JEOL 2011F. TEM specimens were prepared by grinding the synthesized samples into power with a mortar and pestle, after which the powder was dispersed in pure ethanol and picked up by holey carbon films on copper grids. Fourier transform-infrared (FT-IR) measurements were recorded with a PE Paragon 1000 spectrophotometer and the spectra were obtained from KBr pellets. The micrographs of the replicas were taken using a digital optical microscope VHX-600, Keyence.
Measurement of biomolecule sensing properties
Cyclic voltammetry (CV) was performed on a CHI 660D computer electrochemical workstation (Chen Hua Instruments Co., Shanghai, China) with a conventional three-electrode system, which was composed of a working electrode, a platinum slice counter electrode and a saturated calomel reference electrode (SCE), respectively. A glassy carbon electrode (GCE, Φ3.0 mm) served as working electrode. Dopamine (DA) and nafion (Sigma-Aldrich) were used as received without further purification. The phosphate buffer solution (PBS, 0.10 M, PH=7) was prepared by mixing NaH 2 PO 4 and Na 2 HPO 4 . DA solution used in all experiments was freshly prepared. All solutions were prepared with doubly distilled water. Nano gold particles were introduced to the surface of the PPy replicas and the prepared PPy powder to improve the conductivity of the two materials. The 
Results and Discussion
The replication process is described in Scheme 1: Firstly, high-quality SiO 2 PC replicas made from Morpho butterfly wings was prepared by a sonochemical method as described before [14] .
Then, the resultant SiO 2 PC replica was dipped into a certain amount of pyrrole monomer.
Subsequent adding FeCl 3 , resulted in the polymerization of pyrrole. After soaking in HF solution, the SiO 2 template was removed. The replicas thus prepared are assigned as PPy replica.
(Scheme 1)
Secondary electron images of the original butterfly wing are shown in Fig. 1a-b . (Fig. 1e-f ) also reveal that the main and sub-ribs on the lamellae were well preserved without any obvious distortion. This structure is an inverse two dimensional (2D) photonic crystal slab, where periodic air spaces with particular shapes were confined and surrounded by a dielectric outer shell.
(Figure 1)
The morphology of the PPy replicas was investigated by SEM and the results are shown in Fig. 2a-d. It is clear that a good detail of the original scale structures were retained in the PPy replicas. Fig. 2a-b show that the PPy replica maintained the overall scale shape, parallel ridges and nanoscale ribs of the SiO 2 template. Higher magnification SEM images ( Fig. 2c-d) reveal that the inter-lamellae spacing are approximately 1.5 µm for the PPy replica, which indicates that the overall dimension is reduced by 25% due to the shrinkage of PPy molecular chains during the polymerization process. Each of the cross-ribs has one or two legs standing on the bottom surface and exhibiting a hollow body. Between the ridges, the nanoscale ribs also exhibit a periodic lattice that extends from the surface toward the scale substrate beneath.
(Figure 2)
Fig. 2e-f show the morphology of the PPy replicas in TEM. Fig. 2e shows the microstructure of the PPy replica at a low magnification. The dark and dense walls are the ridges orderly ranged like parallel tubes, consistent with the results of SEM. As the technique was implemented at room temperature, the spatial features of the original butterfly wing were preserved without any obvious distortion during the replication (Fig. 2e) . High magnification image in Fig. 2f further reveals that the well-organized parallel ridges were composed of numerous small particles down to nanometers.
EDS microanalyses of the SiO 2 and PPy replicas confirm that the PPy replica is mainly composed of carbon and nitrogen, corresponding to the chemical composition of PPy, with a small amount of fluorine, silicon and gold, which means that almost the entire SiO 2 template was removed by the soaking in the HF solution (Fig. 2g) . Fluorine was introduced when the samples were soaked in the HF solution and gold was due to the gold coating to minimize charging effects. It is reasonable to conclude that the unique morphological features of the butterfly wings, especially down to the nanometer level, were maintained in the final PPy replicas.
The chemical composition and the molecular structure of the PPy replicas, together with the SiO 2 template and the PPy powder fabricated without using the SiO 2 templates, were further investigated by using FTIR analysis (Fig. 3) . pure PPy [29, 30] .
(Figure 3)
In contrast to nanostructured inorganic materials, the introduction of a nanostructure into organic materials is restricted because of the more stringent requirements on the resulting framework. In general, polymer chains pack space efficiently, because polymer macromolecules can bend and twist to maximize intermolecular interactions. Therefore, the maintenance of, for example, an interconnected meso-or microporosity in an organic material normally requires a stiff and highly crosslinked system. For comparison, we used poly N-isopropyl acrylamide (PNIPA), a relatively flexible polymer, to replicate the structures of Morpho butterfly wings in a similar process as that of the replication of the PPy. The SEM images indicate that the overall structure of a butterfly wing was obtained in the PNIPA replica (see Fig. S1 †) . However, the hierarchical structures, especially the photonic crystal structures, were not kept during the replication and almost all the cross-ribs were torn apart due to the motion and shrink of the molecular chains and plastic deformation of the walls after the remove of the SiO 2 template. That means the final structures are interesting but far from the starting structure. This proved that a direct templating and in-situ polymerization is usually not suitable for the soft polymers. Fig. 4 shows colored optical micrographs of the original butterfly wings, SiO 2 templates and PPy replicas. Reflection measurements were performed between near ultraviolet and near infrared wavelength regions to reveal the interactions of the replicated structures with light. In the UV region, the original butterfly wing has a strongest reflection peak at 312 nm. The relatively strong reflectance in the short visible wavelength region agrees with its natural violet color observed under an optical microscope (Fig. 4a) . The SiO 2 replica shows a broad and red shifted reflection peak at around 500-700 nm which is consistent with the orange/pink color observed under an optical microscope (Fig. 4b) . The reflectance spectrum from the PPy replica (Fig. 4e shows that it has two strong reflection peaks at around 490-580 and 600-650 nm repctively, which also are consistent with the green/yellow color obtained under an optical microscope ( Fig. 4c-d) . These reflections or colors are due to the periodicity of the photonic crystal inherited from the SiO 2 template or butterfly wings. All the colors of the Morpho butterfly wings and the replicas are mainly physical colors and attribute to optical interference involving photonic crystal structures, hierarchical structures (lamellae) and ordered mesopores structures (reticular network). Therefore, this study offers a simple and effective route for synthesizing biomorphic stiff polymers with photonic crystal structures.
(Figure 4)
Sensing properties. Applications of materials with photonic crystal structures to biosensors have attracted a great deal of interest. The inverse opal film that contains platinum nanoparticles showed improved electrocatalytic activity toward glucose oxidation [31] . Polyaniline (PANI) doped with poly(styrene sulfonate) (PSS) inverse opals for use as biosensor has been reported [32] . It is reasonable to expect the PPy replicas thus prepared with the promise of high surface area as well as controlled porosity due to their photonic crystal structure, would be ideal candidates for biosensors.
The response of the biosensor to DA was used to characterize the biological sensibility of the PPy replica. demonstrated that the biosensor characteristics are related to the effective surface area of the working electrode [33] . Inverse opal PANI composite has been reported to have a much higher electrocatalytic efficiency for the oxidation of reduced b-nicotinamide adenine dinucleotide (NADH), than that of an unpatterned film [34] . Because the response of a biosensor depends on the interaction of an analyte with an immobilized capture ligand on the sensor surface. The increase of the surface area of a sensor will improve the sensitivity through a higher density of the capture ligand. The PPy replica has a large effective surface areabecause of its hierarchical structures and ordered porosity, which provide great accessibility for the biomolecules thus enhance the accumulation ability and catalytic efficiency [35] . Furthermore, the nano gold particles would disperse not only on the surface but also inside the pores of the PPy replicas due to the interconnected hierarchical structures. Thus, there is no surprise to see that the average peak current at PPy replica-Au/GCE electrode was about 3-and 9-fold higher than that at the bare GCE (curve a)
and PPy-Au/GCE (curve c), respectively. The PPy butterfly wings replicas are clearly a very promising candidate for effectively biosensors.
( Figure 5) 
Conclusions
The replication of PPy with photonic crystal structures from Morpho butterfly wings was achieved by using a two-step templating and in-situ polymerization approach. In this process SiO 2 replica fabricated from butterfly wings was used as a template. The in-situ polymerization was achieved through the impregnation of the interstitial channels of the template with pyrrole monomer and polymerization. The subsequent removal of the SiO 2 template with a HF solution resulted in the PPy PC, which replicated not only the outer but also the inner and more complex surfaces of the butterfly wings. The primary response of the replicas to dopamine (DA) as a biosensor was investigated and it was found that the PPy replicas showed nearly 10 times better sensitivity than that of the PPy powder, attributing to the controlled porosity and hierarchical structures inherited from Morpho butterfly wings. We anticipate that our strategy will open up new avenues for synthesis of electrically conductive polymers with photonic structures which can hardly be produced by using an artificial assembly synthesis route. spectrum obtained from PPy replica. 
